The anaerobic ammonium oxidation (anammox) consists on the biological conversion of ammonium (NH 4 + ) into dinitrogen gas under absence of oxygen. Nitrite (NO 2 -) is a substrate of the anammox reaction, but also an inhibitor at high concentrations. This study investigates the effect of nitrite on the microbial community during the batch enrichment of anammox sludge. Six inoculums collected from different environments were enriched after a conditioning pretreatment and under controlled conditions during 4 months. Concerning the mineral medium used, two different nitrite supply strategies were applied; i.e., (i) initially low concentration at 25 mg NO 2 --N/L and progressive increase to 150 mg NO 2 --N/L, and (ii) constant high concentration at 150 mg NO 2 --N/L. All tested inoculums developed anammox activity but only when the enrichment was started at low nitrite concentration. In such case, the specific ammonium conversion rates finally obtained ranged from 21 ±1 to 118 ±1 mg NH 4 + -N/g VS/d (VS, volatile solids). Abundance of the functional gene encoding for the enzyme hydrazine oxidoreductase (hzo) was assessed using the real-time quantitative polymerase chain reaction (q-PCR) showing positive correlation with the anammox activity finally reported. In addition, high-throughput DNA sequencing helped to elucidate the underlying microbial community dynamics. The raw inoculum source, the conditioning pretreatment, and the cultivation conditions applied were jointly determinants of the final microbial community structure of the enrichments despite a clear convergence at the end of the experimental period. On the other hand, the cultivation conditions alone determined the selection of anammox species belonging to the genus Candidatus Brocadia.
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INTRODUCTION
The anaerobic ammonium oxidation (anammox) consists on the biological conversion of ammonium (NH 4 + ) into dinitrogen gas (N 2 ) under absence of oxygen. This is a chemolithoautotrophic microbial process where nitrite (NO 2 -) acts as the electron acceptor. The anammox reaction also involves the production of a minor fraction of nitrate (NO 3 -). According to Strous et al. [1] , the corresponding molar ratios for NH 4 + consumption, NO 2 consumption, N 2 production, and NO 3 production are 1.00:1.32:1.02:0.26, respectively.
Metagenomic studies also suggest that nitric oxide (NO) and hydrazine (N 2 H 4 ) are intermediates in the anammox reaction [2] . The anammox process was discovered in the early 1990's in a denitrifying fluidized bed reactor [3] and the interest in this bioprocess has ever since been rising in fundamental and applied research fields, such as marine ecology and environmental biotechnology [4, 5] .
So far, six "Candidatus" anammox bacterial genera have been enriched [6, 7] from wastewater treatment facilities and freshwater environments (Brocadia, Kuenenia, Jettenia, Anammoxoglobus and monophyletic branch within the phylum Planctomycetes. In physiological terms, they feature a specific cytoplasmatic membrane-bound organelle known as anammoxosome, which is the locus of the anammox catabolism. They are also characterized by a low growth rate, with doubling times of 2.1-11 days (at ~30ºC) equivalent to a maximum specific growth rate of 0.065-0.334 d -1 [1, 8] . Because of this slow biomass development, and the specialized metabolism, anammox bacteria may be difficult to culture. Yet, phylotypes related to the anammox genera have increasingly been observed by molecular means in diverse environments, such as activated sludge from wastewater treatment plants (WWTP) [9, 10] , marine sediments [11, 12] , freshwater environments [13] , and terrestrial ecosystems [14] .
Anammox bacteria have not been isolated in pure culture yet, thus pointing to the fact that they may coexist with other microbial species, even in bioreactors fed exclusively with mineral substrates [8, 15, 16] . The most frequent enrichment strategies have been based on different types of continuously operated bioreactors [17] ; e.g., sequencing batch reactor (SBR), rotating biological contactor, up-flow biofilm reactor, or membrane bioreactor [1, [18] [19] [20] . Alternatively, enrichments have also been developed in batch cultures [9, [21] [22] [23] .
Many studies have shown that successful cultivation of anammox bacteria from conventional sludge takes long time; i.e., generally from 4 months to 1 year [24] . Such time will be influenced by factors like (i) the ecological characteristics of the seeding sludge including initial concentration and relative abundance of anammox bacteria [24] , (ii) effective biomass retention inside the reactor [25] , and (iii) the environmental conditions applied: temperature, pH, and concentration of NH 4 + , NO 2 -, dissolved oxygen (DO), organic carbon, sulphide and other inhibitors like metals and antibiotics [26] [27] [28] .
Monitoring the anammox activity usually involves the chemical analysis of relevant nitrogen (N) compounds (i.e., NH 4 + , NO 2 -, and NO 3 -) in the liquid phase. However, this strategy might be unsuccessful during the initial stages of the enrichment process, when the number of anammox cells is too low and their activity can still not be detected macroscopically. The use of culture-independent molecular methods has been proposed as a suitable method in such cases and various protocols for the DNA amplification by polymerase chain reaction (PCR) of target genes have been described in the literature, as summarized by Li et al. [12] .
Anammox specific primers have been developed for amplifying ribosomal genes (16S rRNA) or functional genes such as that encoding for the enzyme hydrazine oxidoreductase (hzo) that dehydrogenates hydrazine to N 2 . These primers have been used to assess the abundance of anammox bacteria genes within environmental samples by real-time quantitative polymerase chain reaction (q-PCR), and to analyse the microbial community diversity by molecular typing and sequencing methods [9, [29] [30] [31] [32] . Emerging next-generation sequencing (NGS) have also been applied for providing an in-depth characterization of the microbial biodiversity in anammox systems [33] [34] [35] [36] . Yet, not so much information is available in the literature concerning the microbial community structure and dynamics during enrichment of the anammox biomass as determined by quantitative and qualitative culture-independent molecular methods.
Autotrophic nitrogen removal (ANR) applications based on anammox are promising for N-removal from municipal side-/mainstreams, industrial and agricultural wastewaters [37] [38] [39] [40] , particularly after anaerobic digestion once biodegradable organic carbon is depleted. However, anammox enriched sludge is not always available, and biomass enrichment can become the critical point for the start-up of the process. An appropriate selection of the environmental conditions applied is decisive for a successful enrichment. In this regard, NO 2 is a substrate of the anammox reaction but may also become an inhibitor at high concentrations.
Such inhibition has been reported as highly case-specific; i.e., concentrations as low as 5 and 30 mg NO 2 --N/L were found as inhibitory in some studies [41, 42] whereas much higher inhibitory boundaries of 210-274 mg NO 2 --N/L were determined in other cases [43] [44] [45] . Concerning this variability, Kimura et al. [44] suggested that differences in NO 2 concentration tolerance may be caused by the cultivation conditions used.
The aim of this study is to investigate the presence of anammox populations in different inoculum sources and to assess the feasibility of enrichment in batch under two different strategies concerning NO 2 supply.
Thus, final concentrations of 150 mg NO 2 --N/L were targeted in the mineral medium used as feeding solution but testing two different supply strategies (i.e., initially low vs. high concentration) in order to evaluate the effect of the NO 2 concentration when starting anammox batch enrichments. Use of molecular techniques will help to detect anammox bacteria and to establish correlations between macroscopically observed process parameters and the underlying microbial community dynamics. Microbial monitoring will be conducted using q-PCR and 16S rRNA gene targeted NGS.
MATERIALS AND METHODS

Inoculum sources
Six different biomass sources collected in conventional N-removal facilities were considered as inoculum (I) for batch enrichment; i.e., (I1) activated sludge collected in a municipal WWTP that combine the use of a .09, and 0.59, respectively. In order to favour biodegradation of available organic carbon before incubation for anammox biomass enrichment, a conditioning pretreatment based on promoting denitrification was carried out at room temperature during the first days after sampling by adding a NO 3 source such as KNO 3 in pulses of 722 mg/L (100 mg N/L) and controlling the pH within the range 7.0-8.0 (HCl 2M). Batch enrichment was started once denitrification declined (after 2-4 weeks).
Mineral medium
The synthetic nutritive solution was prepared using tap water according to a modification of the mineral flushing was used to displace air in the bottles headspace every time they were opened. The liquid volume exchanged when renewing the mineral medium was variable depending on the settling capability of the biomass, but usually between 60-80%. This is a higher value than those generally considered in anammox SBRs [46] [47] [48] . Enrichment lasted 4 months. Liquid samples were taken before and after each new feeding event and filtered using 0.45 µm polypropylene membrane filters prior to storage in the refrigerator.
Biological samples were taken once per month, centrifuged at 10,000g for 4 min and supernatants were discarded. Pellets were stored at -20°C.
Final anammox activity test
Final anammox activity was assessed using batch tests at the end of the enrichment period. According to the aforementioned conditions, after renewing the mineral medium, liquid samples were collected using syringes at regular time intervals for N-compounds analysis. VS contents were also measured. The batch experiments were done in duplicate. Linear regression analyses were used to describe N-conversion. [56] and SILVA (v119) [57] were used as the classifier tool and database for taxonomic association (with a minimum similarity threshold of 80%), respectively.
Statistical analyses
Statistical analysis to evaluate microbial community structure evolution was carried out through the non- (Fig. 1B) , which evidences the importance of the feeding strategy adopted when targeting anammox bacteria enrichment and although NO 2 levels of 150 mg N/L were not previously evaluated as inhibitory elsewhere [43] [44] [45] .
Results of the final activity test did not evidence link between time of anammox activity appearance and measured NH 4 + conversion rate ( Table 1) 
Monitoring the enrichment of anammox bacteria by real-time q-PCR
The evolution of total and anammox bacteria was monitored by real-time q-PCR throughout the 4 months that lasted the experimental period. For a given batch culture, the bacterial 16S rRNA gene was the most abundant and the least fluctuant (Fig. 2) . Average values in the enrichments ranged from 2.5 ±0.2·10 6 to 1.0 ±0.2·10 9 copies/mL depending on the inoculum source and the NO 2 supply strategy applied. Concerning the anammox hzo gene, it was quantified from the beginning of the experiment in all inoculums (Table 1) , and a significant increase throughout the enrichment was evidenced in those cases where NO 2 was initially supplied at low concentration (Fig. 2) . Conversely, that was not the case when NO 2 was initially supplied at high concentration. Thus, at day 0, the hzo gene copy number in the enrichments started at low NO 2 concentration ranged from 3.3 ±0.3·10 4 to 1.2 ±0.3·10 5 copies/mL, and after 4 months reached values from 1.1 ±0.1·10 6 to 1.5 ±0.1·10 7 copies/mL. At that time, it was also evidenced a positive correlation between the hzo gene copy number and the anammox activity ( Fig. 3) , similarly as previously reported by Tsushima et al. [29] using primers targeting the 16S rRNA gene of the anammox bacteria, and although there was no evident link between the hzo gene copy number in the inoculum at day 0 and the time of anammox activity appearance ( Table 1) . Lack of linkage between the initial hzo gene copy number and the time of anammox activity appearance suggests that other factors besides the initial anammox biomass concentration (measured as hzo gene copy number) determined the time when such activity became evident macroscopically. Among these factors, we might include competition for substrate, coexistence of the anammox bacteria with other microbial populations, and change of the growing anammox species (see section 3.3). In this regard, mineralization of organic-N forms and denitrification could have masked an earlier detection of anammox activity. Furthermore, Tao et al. [24] pointed out dependence of the lag phase length not only on the initial biomass concentration but also on other ecological characteristics of the inoculum used and concluded that an evenly distributed community benefits the start-up of the anammox process with shorter times and higher
activities. Yet, differences exist between these findings and our study; i.e., we dealt with inoculums with much lower initial relative abundances of anammox bacteria and also we observed a change of the growing anammox species during the enrichment process (see section 3.3). On the other hand, final hzo gene copy numbers were below 2.0 ±0.2·10 5 copies/mL in all cultures started at high NO 2 concentration. 
Evolution of the microbial communities
The diversity indices reported in imply concomitant disappearance of some species and larger segregation between the low and highly represented taxons [60] [61] . The impact seems to be more important when the enrichment was started at low NO 2 concentration ( Table 2) . No relation was found between the initial microbial diversity and the effectiveness of the anammox enrichment in terms of both time required and final activity achieved.
Statistical analysis of the microbial community structure evolution was also performed through the NMDS method. For a given inoculum, the evolution of the microbial community was different depending on the NO 2 supply strategy applied during the enrichment. Relative differences in the composition of both microbiomes (enrichments started at low vs. high NO 2 concentration) over time were evidenced as it is shown for the bottle seeded with I3 in Fig. 4 . Thus, although both microbiomes evolved similarly with a diminution in the diversity throughout the enrichment, divergence in the microbial community structure progressively increased and was maximal after 4 months of enrichment. Such divergence included the enrichment of anammox bacteria only under conditions of initially low NO 2 concentration. In addition, the NMDS analysis also revealed that, despite the significant relative differences in the composition of the microbial community concerning the inoculums used in this study, the enrichment conditions applied forced the convergence of such communities (Fig. 5) . The most similar microbial community structures were observed for those inoculums coming from systems treating the same kind of wastewater; i.e., municipal (I1, I4, and I5) vs. pig slurry (I2, I3, and I6), at both initial and final time. The clear trend to converge independently of the inoculum source and the feeding strategy applied indicates the high selective pressure exerted by the experimental conditions here implemented.
Description of the microbial community structures
As aforementioned, the microbial community structure in the batch cultures evolved significantly throughout the enrichment. However, main phyla detected in inoculums such as Proteobacteria, Bacteroidetes, Firmicutes, Chloroflexi, Chlorobi, Acidobacteria, and Planctomycetes were also present at the end of the enrichment period ( Fig. 6A-6B ; Table 3 and 4). The phylum Proteobacteria, which is commonly found in wastewater treatment bioreactors, anaerobic digesters, and soils [62] [63] [64] was one of the most predominant at both initial time (relative abundances of 10.3-46.7%) and final time (relative abundances of 23.9-55.5%). For those enrichments started at low NO 2 concentration, the evolution of this phylum in terms of abundance was dependent on the inoculum source. Thus, the proportion of sequences belonging to this phylum followed an increase of 93.1 ±60.4% (in average) for those inoculums coming from pig slurry treatment plants (I2, I3 and I6) whereas followed a decrease of 19.6 ±16.0% (in average) for those inoculums coming from municipal WWTPs (I1, I4, and I5). On the other hand, for those enrichments started at high NO 2 concentration, the abundance of sequences belonging to this phylum increased at an average rate of 55.9 ±37.9% regardless the inoculum source. For I3 (Fig. 6B) , the increased proportion of Proteobateria is essentially attributable to the evolution of genera belonging to the class Betaproteobacteria and family Rhodocyclaceae (OTUs 2 and 11) that contain several denitrifying species; e.g. Azoarcus. Bacteroidetes was another of the most represented phyla at initial time with proportions ranging from 6.1% to 30.9% in I2 and I6, respectively. However, despite this initial high abundance, a systematic reduction was observed regardless the inoculum source and feeding strategy applied, with final relative abundances lower than 2.7%. This is not surprising since the phylum Bacteroidetes contains both aerobic and anaerobic bacteria such as Sphingobacteriales and
Bacteroides, respectively. In the case of I3 (Fig. 6B) , the reduced proportion of Bacteroidetes is clearly linked to the disappearance of OTU 4 identified as a Sphingobacteriales Saprospiraceae. Conditions applied during the anoxic enrichment including the progressive abatement of residual organic compounds may be the cause of the depletion of this widespread phylum [62] [63] [64] . Concerning the phylum Firmicutes, relative abundance of sequences belonging to this phylum (0.7-18.6%) was higher for those inoculums coming from pig slurry treatment facilities than for those others coming from municipal WWTPs; i.e., 12.7 ±6.2% vs. 1.0 ±0.2% in average, respectively. The corresponding quantitative evolution was slightly different depending on the NO 2 supply strategy. The coexistence of bacteria belonging to the phylum Chloroflexi is usually reported in anammox reactors being suggested that they can use decaying anammox bacterial cell materials [65] .
Here, the evolution of this phylum (initial relative abundances of 2. and I1, respectively), which is in accordance with other microbial characterizations performed in anammox dedicated reactors [34] [35] . Within this group, the final relative abundance of sequences belonging to anammox species was between 31.7% and 75.3% for I2 and I1, respectively. For I3 (Fig. 6B) , a significant enrichment of OTU 1 belonging to phylum Armatimonadetes (formally called the candidate phylum OP10)
was observed (similarly for other inoculums). Species belonging to the phylum Armatimonadetes have been detected in different natural environments such as the Obsidian Pool in Yellowstone National Park and freshwater lakes and rivers [66] . However, the reason of their enrichment in this study is not clear. OTU 36 was identified as Candidatus_Brocadia. In addition, 6 OTUs listed in Table 4 (from a total of 15) were identified as identical to sequences retrieved from anammox systems and 2 other OTUs were related to sequences retrieved from N-removal systems. This fact suggests that the conditions applied to perform the enrichment also favoured selection of other specific microbial groups that could either behave as partners or competitors of the anammox bacteria.
Anammox genera
Concerning the presence of anammox genera in the inoculums at initial time, Ca. Brocadia, Ca. Kuenenia, terms of distribution and relative abundance. Thus, for instance, these four genera were detected together in I3 but not in the other inoculums. Otherwise, any of these genera were detected in I1. Ca. Jettenia was only detected when DNA samples were first amplified by means of selective PCR using Planctomycetes primers, which allowed lowering the detection threshold but preclude their relative quantification (Fig. 7) . Before enrichment, higher relative abundances were measured for Ca. Anammoximicrobium in I4 and I5 (lagoon WWTP), with 0.27% and 0.37%, respectively, of the total sequences. In fact, this anammox genus (which was recently described) may grow optimally at temperatures around 20°C [7] . On the other hand, the genus Ca. Brocadia (maximum initial relative abundance of 0.011% for I3) became dominant at the end of the enrichment period regardless of the inoculum considered, with relative abundances ranging from 1.0 to 6.1% of the total sequences. Thus, similarly to Costa et al. [34] , the obtained results indicated that while the type of inoculum and the culture conditions are both key determinants of the global microbial composition of the enriched biomass, the operational conditions alone determined the selection of the anammox species. The niche differentiation between Ca. Brocadia and other anammox genera often dominant in enrichments performed at lab-scale such as Ca. Kuenenia is still not clear. According to several studies [36, [67] [68] [69] , the genus Ca. Brocadia would presumably be an r-strategist (i.e., relatively high growth rate and low substrate affinity), while the genus Ca. Kuenenia could be a K-strategist (i.e., relatively low growth rate and high substrate affinity). In this study, the feeding of the enrichments was based on the intermittent supply of substrates which would favour the proliferation of an r-strategist population.
Overall, our findings showed that anammox bacteria were ubiquitous in all the inoculums collected from different waste/water treatment environments which made feasible their eventual enrichment in batch under controlled conditions. However, such enrichment was only achieved when the process was started at low Table 4 . 
